New yeasts in the Pichia guilliermondii clade were isolated from the digestive tract of basidiocarp-feeding members of seven families of Coleoptera. A molecular phylogeny and unique traits placed eight isolates in Candida fermentati and three undescribed taxa in the genus Candida. The new species and type strains are C. smithsonii (type strain NRRL Y-27642 T ), C. athensensis (type strain NRRL Y-27644 T ), and C. elateridarum (type strain NRRL Y-27647 T ). Based on comparison of small-and large-subunit rDNA sequences, C. smithsonii and C. athensensis form a statistically well-supported subclade with P. guilliermondii, C. xestobii, and C. fermentati; C. elateridarum is basal to this subclade.
Introduction
Certain yeasts can be isolated consistently from the digestive tract of beetles [1] . For example anobiid and cerambycid beetles possess gut yeasts that are transmitted when the offspring hatch by eating through the contaminated egg shell [2, 3] . Beetle-associated yeasts do not form a monophyletic group, and closely related yeasts are not necessarily associated with related beetle hosts [2, 4, 5] . For example, two related yeasts that once were considered to be conspecific based on similar D1/ D2 sequences of the large-subunit ribosomal DNA (LSU rDNA) are known from relatively distantly related beetles [6] : Candida xestobi, was isolated from Xestobium plumbeum (Anobiidae), but C. guilliermondii (anamorph of Pichia guilliermondii) is known from a host in a different superfamily, Phoracantha semipunctata (Cerambycidae).
During a study of fungi from the gut of basidiocarpfeeding beetles, we repeatedly isolated previously unknown yeasts some of which are closely related to P. guilliermondii. Here we discuss the relationships of the yeasts and their insect host associations. We describe three new species in the Saccharomycetes based on their molecular phylogeny and unique taxonomic traits.
Materials and methods

Yeast isolation and identification
The beetles were usually placed in Petri dishes for 1-3 days without food prior to dissection. Withholding food helps to eliminate some contaminating organisms that might be isolated from the gut. Surface disinfection with 95% ethanol was followed by a rinse in sterile 0.7% saline; the rinse liquid was plated on acidified YM agar (Difco YM broth, 2% plain agar, adjusted to pH 3.5 with HCl) as a negative control. The beetle gut was removed aseptically under a dissecting microscope, and gut segments were streaked on acidified YM agar plates. Voucher specimens of the beetles have been placed in the University of Georgia Collection of Arthropods, Athens, Georgia; beetle specimen numbers correspond to those of the yeast isolate so that individual yeast hosts can be traced. The plates were incubated at 25°C, and single colonies were streaked for purification. Yeast strains isolated in this study and their host beetles are listed in Table 1 . Selected isolates including type strains of each new species have been deposited at the Agricultural Research Service Culture Collection (NRRL) and Centraalbureau voor Schimmelcultures (CBS) ( Table 1 ). The morphological observations and metabolic tests comprising the yeast standard description were performed according to established methods [7, 8] .
DNA sequencing and phylogenetic analysis
Nucleic acids were extracted and purified following the procedures of Lee and Taylor [9] . The primer sets NS1-NS8, LS1-LR5, and ITS5-ITS4 were used for PCR amplification of the rDNA gene repeat [10, 11] . The purified double-stranded PCR products were used as templates for sequencing with an ABI PRISM TM Big-Dye Terminator cycle sequencing kit. The complete sequence of the SSU rDNA and the D1/D2 region of the LSU rDNA were obtained with the primers NS1, NS2, NS4, NS5, NS8, LS1, LR3, ITS1, and ITS4 using an ABI PRISM 377 Automated DNA sequencer (PE Biosystems, Inc., Foster City, CA, USA). The GenBank Accession Nos. for DNA sequences from this study are listed in Table 1 . The sequences for SSU rDNA of C. fermentati NRRL Y-17903 T and ITS and 5.8S rDNA of C. xestobii ATCC 24001 T were determined to compare with other isolates from beetles (GenBank AY553853 and AY553852, respectively). DNA sequences initially were aligned with the multialignment program Clustal X [12] and then optimized visually. Ambiguous regions were excluded from the analyses. The sequences from newly isolated yeasts were compared to lsu and ssu rDNA sequences of other yeasts and fungi obtained from GenBank. Maximum parsimony analyses were performed using PAUP 4.0b10 [13] . Heuristic tree searches were executed using the tree bisectionreconnection branch-swapping algorithm with random sequence analysis. Bootstrap values of the most parsimonious tree were obtained from 1000 replications. Base pair differences ( Table 2) were counted using BLAST2 sequences [14] or from the manually aligned sequence database.
Results and discussion
Yeast isolation and description of the new species
About 650 yeast isolates were cultured from 27 families of beetles, and all yeasts were initially screened and grouped by LSU rDNA D1/D2 loop genotypes and host beetle family [15] . Based on this information, eleven yeast isolates from beetle species in seven families were placed within a clade with P. guilliermondii and its related anamorphs ( Table 1 ). Except for the yeast associated with an unidentified elaterid, the yeasts reported here were not the sole yeast isolated from the gut of the host insect, and one to four other species of yeast also were present. A consensus of nine parsimonious trees from the combined dataset of SSU and LSU rDNA sequences (about 2400 bp; Fig. 1 ) indicated that the P. guilliermondii clade is composed of four subclades; (1) P. guilliermondii and two previously known Candida species, including isolates from Carpophilus sp. (Nitidulidae) and scarabaeid beetles; (2) yeasts from an endomychid beetle and Iphiclus (Megaprotus) pulcher (Erotylidae); (3) yeasts isolated from cucujoid, curculionid, and Megalodacne fasciata (Erotylidae); and (4) a yeast from an elaterid beetle. Among the isolates, yeasts from nitidulid and scarabaeid beetles were identified as C. fermentati based on their identical sequences of D1/D2, ITS, and 5.8S rDNA, and morphological and physiological similarity to this species, although there are minor sequence variations in SSU rDNA among the taxa (Tables 1, 3 ; [8, 16] ). On the other hand, members of the other three subclades are proposed as undescribed yeasts, with the subclades easily separated at the level of species on the basis of molecular and other taxonomic characters. Base pair variation of the D1/D2 loop is less than 3 within each subclade, and more than 6 between the four subclades ( Fig. 1 and Tables 1, 2 ). The results of sequence comparisons of ITS and 5.8S-rDNA, physiological and other taxonomic tests also served to characterize members of the three subclades as three new species in the genus Candida (Tables 1-3) . 
The following characteristics were invariable in all species compared; Fermentation, Melibiose ()), Lactose ()), Melezitose ()), Starch ()), D D -Xylose ()); Carbon assimilation, ; Growth at 30°C (+), at 45°C ()); Growth in/on 0.01% Cycloheximide (+), 1% Acetic acid ()); Other additional tests, Starch formation ()), Acetic acid production ()), Urea hydrolysis ()), DBB reaction ()). +, positive; ), negative; D, delayed positive; W, weak; V, strain variable. b Reactions are from at least two strains of each species, including type strain.
cornmeal agar pseudohyphae with blastoconidia are present after 10 days at 25°C (Fig. 2(c) ); aerobic growth, white, shiny, and smooth. No ascospores are produced after two months at 17°C from individual strains or strains crossed in all combinations on halfstrength cornmeal agar. The results of fermentation, assimilation, and other physiological tests are listed in Table 3 . Type: NRRL Y-27642 T ( ¼ CBS 9839) is preserved as a lyophilized preparation in the Agricultural Research Service Culture Collection (NRRL), Peoria, IL, USA. The strain was isolated from gut of an endomychid larva at Barro Colorado Island, Panama. Etymology: The species name smithsonii (N.L. gen. n.) honors James Smithson, F.R.S., to aid in promoting his name more widely than that of his father Percy and to acknowledge the significant tropical research fostered by the institution he founded. on YM agar, colonies are white, butyrous, and smooth on surface. On Dalmau plate culture on cornmeal agar pseudohyphae are not present after 10 days at 25°C; aerobic growth, white, shiny, and smooth. No ascospores produced after two months at 17°C from individual strains or strains crossed in all combinations on half-strength cornmeal agar. The results of fermentation, assimilation, and other physiological tests are listed in Table 3 . Type: NRRL Y-27644 T ( ¼ CBS 9840) is preserved as a lyophilized preparation in the Agricultural Research Service Culture Collection (NRRL), Peoria, IL, USA. The strain was isolated from the gut of an unidentified cucujoid beetle from Athens, GA, USA. Etymology: The species name athensensis (N.L. fem. adj.) referring to Athens, GA, USA, collection locality of the type stain. After 5 days at 25°C in YM broth, yeast cells are globose to subglobose, (2-4) Â (2-4) lm, mostly globose; occurring singly, in pairs, or in short chains ( Fig. 2(g) ); pseudohyphae present. After 7 days at 25°C on YM agar, colonies are white to cream colored, butyrous, and smooth on surface. On Dalmau plate culture on cornmeal agar pseudohyphae with blastoconidia and septate hyphae are present after 10 days at 25°C (Fig. 2(h) ); aerobic growth, white and smooth. No ascospores are produced after two months at 17°C on half-strength cornmeal agar. The results of fermentation, assimilation, and other physiological tests are listed in Table 3 . Type: NRRL Y-27647 T ( ¼ CBS 9842) is preserved as a lyophilized preparation in the Agricultural Research Service Culture Collection (NRRL), Peoria, IL, USA. The strain was isolated from the gut of an unidentified elaterid beetle in Barro Colorado Island, Panama. Etymology: The species name elateridarum (N.L. gen. pl. n.) refers to the insect host family from which the type strain was isolated.
Candida fermentati isolates from the gut of beetle
After 5 days at 25°C in YM broth, yeast cells are globose to oval, (1.25-3.75) Â (2.5-3.75) lm; occurring singly, in pairs, or in short chains ( Fig. 2(i) ); pseudohyphae may be present. After 7 days at 25°C on YM agar, colonies are white to cream colored, and smooth and glossy on the surface. On Dalmau plate culture on cornmeal agar pseudohyphae may be present after 10 days at 25°C; aerobic growth white, shiny, and smooth. No ascospores are produced after two months at 17°C from individual strains or strains crossed in all combinations on half-strength cornmeal agar. Yeasts were isolated from the gut of Carpophilus sp. (Nitidulidae) and an unidentified scarabaeid beetle. The results of fermentation, assimilation and other physiological tests matched the published data of C. fermentati with only minor variations between the new isolates and previously known members of the species (Table 3 ; [8] ).
3.2.
Phylogeny of the yeasts in the P. guilliermondii clade including the new species P. guilliermondii is a common species in both natural and clinical environments [8] . This yeast also has received additional attention due to reports that it suppress the growth of other fungi and eliminates toxic heavy metals from the environment [17] [18] [19] [20] . Taxonomy of the species and related taxa, however, is problematic due to the strong possibility that LSU rDNA D1/D2 sequences and other traits may be too conservative to characterize species within the clade. Phylogenetic analysis of rDNA sequences indicated that species of the clade are closely related to each other, and this is reflected in the physiological characters that do not consistently delimit the species (Fig. 1 ; Table 3 ; [8, 16] ). For example, Kurtzman and Robnett [6] have suggested that C. fukuyamaensis and C. xestobii were anamorphs of P. guilliermondii on the basis of their similar or identical D1/D2 sequence of LSU rDNA, but Bai et al. [21] concluded that C. xestobii could be readily distinguished from P. guilliermondii by electrophoretic karyotyping. C. fermentati, another common species closely related to P. guilliermondii, also was differentiated by electrophoretic karyotyping [21] . Additional taxonomic studies on the P. guilliermondii complex using less conservative markers will be necessary to clarify the taxonomy. The three new species, C. smithsonii, C. athensensis, and C. elateridarum, however, were clearly distinguished from each other and from other known species in the clade based on molecular and physiological characters ( Fig. 1  Tables 2, 3 ). C. smithsonii and C. athensensis were sister taxa of other known species in the clade (Fig. 1) , and were distinguished from each other based on results of assimilation tests and sequence comparison of the D1/D2 and ITS regions, although the two species had identical SSU rDNA sequences (Tables 2, 3 ). The D1/D2 sequence of strain NRRL Y-27646 differed by 3 bp from that of the other two strains in C. athensensis, but morphological and physiological traits were similar to those of other strains of the species (Fig. 2 ; Table 3 ). C. elateridarum was phylogenetically distinct from all other species and was basal to other members of the clade. The relatively large differences in sequence comparisons supported the basal position and indicated that C. elateridarum is an outlier in the P. guilliermondii clade, although it was grouped within the clade with high statistical support ( Fig. 1 and Table 2 ).
Yeasts and associated beetles
Yeasts in the P. guilliermondii clade often have been isolated from insects or insect associated frass. P. guilliermondii was isolated from cerambycid beetles and other insects [22, 23] , and C. xestobii has been found only with the anobiid beetle Xestobium plumbeum. Some isolates of C. fermentati have come from ants, as well as from soil and other habitats [8] . The yeasts from Carpophilus sp., a tiny nitidulid beetle living in the bolete relative, Pisolithus tinctorius, and from a scarabaeid beetle in a bolete were identified as C. fermentati based on molecular and other traits. The new species did not show strict host specificity and were isolated from several species or families of beetles. As we mentioned in the introduction, beetle-associated yeasts do not form a monophyletic group. Such a scattered distribution in the tree is exemplified by the yeasts isolated from cerambycid beetles (Fig. 1 ). It is not unusual for yeasts associated with unrelated beetles and other insects, however, to occur together in distinct clusters, as seen here among the P. guilliermondii clade members [15] .
The function of yeasts associated with many of the beetles remains unclear, but it is important to note that several of the yeasts reported here were not the sole yeast obtained from the gut of an individual host. Our continuing studies on the mycota of the insect gut are resulting in the discovery of a large number of undescribed species. This work also provides research resources for studies that will help to elucidate the role of these yeasts [15, 24] . For example, the consistent finding of xylose-fermenting yeasts from gut of wood-ingesting passalid beetles (yeast symbiont of passalid beetle in Fig. 1) indicates a possible role for the yeast. In addition the discovery of such functions could provide useful genetic resources, such as the potential use of the xylosefermenting and assimilating yeasts in certain industrial processes [24, 25] .
